Corresponding to these various RNA silencing pathways there are multiple types of sRNA that 9 differ in their biogenesis mechanism or in their associated AGO isoform. These sRNAs include small Figure 1D and 2A); the 3'UTR with a deletion that extended to the 5' end of its neighbour gene 1 Cre07.g345900 (mutant 47, Figure 1D ); and exon 6 (mutant 37) ( Figure S2A ). The PSY mRNA was 2 at wild type levels in these lines ( Figure S2B ) and, corresponding to the absence of the amiRNA, we 3 could not detect the miRNA cleavage products of the PSY mRNA ( Figure S2C ).
4
Final confirmation of DCL3 mutation was by complementation of mutant 51 with bacterial 5 artificial chromosomes (BACs) (BAC A6 and BAC M20) carrying the genomic sequence 6 corresponding to DCL3 (Cre07.g345900). After transformation of mutant 51, only two independent 7 colonies had the extra copy of DCL3 in their genome. Importantly, these complemented lines were 8 light sensitive when PSY amiRNA was induced with nitrate ( Figure 2B ) and they regained the 9 capacity to produce endogenous miRNAs ( Figure 2C ). Henceforth we refer to the original lines 1 0 isolated from the screen as carrying dcl3-1 (mutant 37), dcl3-2 (mutant 47), and dcl3-3 (mutant 51). this alga, it lacks a PAZ domain that could be detected by primary and secondary structure prediction 1 3 algorithms ( Figure S3A ). This protein is also exceptional amongst other DCL proteins in that it has a 1 4 proline rich region (39/52 residues) on the amino terminal side of the RNase III motifs although a 1 5 similar domain is also found in a related protein -Drosha. Drosha also has RNAse III motifs, and it is 1 6 involved in the first steps of the animal miRNA biogenesis pathway ( Figure S3A and S3B). 
Processing of intron-derived miRNAs in Chlamydomonas 1 3
Intron-derived (id-)miRNAs are not unique to C. reinhardtii: they are also found in animals. The maturation of id-miRNAs in animals referred to as miRtron (Ruby et al. 2007 ) is linked to intron 1 5 splicing. To investigate this possibility in C. reinhardtii, we assembled a spectinomycin resistance 1 6 gene with a miRNA-containing intron embedded in the coding sequence (spect/intron(mi)). The intron was from a C. reinhardtii gene (Cre12.g537671) and it contained the stem loop RNA that is the 1 8 precursor of the high confidence cre-miR1157 but with the miRNA sequence modified to target the 1 9 mRNA of the tryptophan synthase beta-subunit (Maa7) ( Figure 4A ). Silencing of Maa7 confers 2 0 resistance to 5-fluoro indole (5-FI) (Rohr et al. 2004 ). Control constructs either lacked an intron 2 1 (spect) or had an intron without the miRNA stem loop (spect/intron) ( Figure 4A ).
2
The id-miRNA was spliced efficiently from these RNAs because the spec/intron(mi) construct 2 3 conferred spectinomycin resistance as efficiently as the spec and spec/intron controls ( Figure S5A ).
4
RT-PCR further confirmed correct splicing of the id-miRNA ( Figure S5B and S5C), and a sRNA northern blot ( Figure 4B ) showed, as predicted, production of the mature Maa7 amiRNA. The id-2 6 miRNA was fully functional as it silenced the Maa7 mRNA so that the spec/intron(mi) cells were 2 7 9 resistant to 5-Fl. Cells with the control constructs without the id-miRNA did not produce the amiRNA 1 and they were fully susceptible to 5-FI ( Figure 4B ).
2
Finally, to analyse the requirement for splicing in miRNA biogenesis we generated an id-miRNA 3 construct with a mutation in the splice donor site (Figure 4C, spec/Δintron(mi) ). This construct 4 conferred resistance to 5-FI but, as expected, not to spectinomycin ( Figure 4D ). From our results in 5 Figure 4 and Figure S5 it is clear that the presence of the id-miRNA does not prevent the intron 6 processing and that, unlike animal miRtrons, the intron processing is not required for miRNA 7 biogenesis. To identify mRNA targets of miRNAs we used RNA-seq of the transcriptome in dcl3 mutant and 1 1 parental lines. There were 118 annotated genes with statistically significant difference (equal or 1 2 greater than 0.9 likelihood) in abundance between the dcl3-1 and dcl3-3 mutants and the 1 3 corresponding wild type parental cells (Table S3) .
4
The 118 DCL3-sensitive RNAs were in several classes corresponding to: (ii) non-coding RNAs with siRNA precursors (64 genes); (iv) mRNAs with siRNA precursors in the exons corresponding to the 5'UTR (5 genes), (v) mRNAs with fold back RNA structures producing no clear siRNAs (9 genes). The predicted and confirmed miRNA-targeted mRNAs from C. reinhardtii (Molnár et al. 2007 ;
Zhao et al. 2007) were conspicuously absent from the list of differentially expressed RNAs ( Table   2  5 S3). These RNAs were equally abundant in the RNA-seq datasets of wild type and dcl3 mutant lines are present at only low abundance in these samples.
2
The primary effect of DCL3 on mRNA accumulation must be by direct cleavage of the mature 3 mRNA as shown for two examples in Figure 6 . These are mRNAs for which the exonic reads are 4 more abundant in the dcl3 mutant rather than wild type samples ( Figure 6 and Table S3 ). The miRNA 5 reads corresponding to the respective 3'UTRs are conversely more abundant in wild type samples 6 ( Figure 6 and Table 1 ). The other forty-five mRNAs accumulating at higher level in the dcl3 mutants 7 correspondingly were from mRNAs containing miRNA/siRNA-like stem-loop structures in their 8 coding or non-coding exons (Table S3 ).
9
Most mRNAs with id-miRNAs, with the exception of the mRNA linked to cre-miR1154, were not 1 0 affected by dcl3 mutation ( Figure S6 ). Based on these examples and results with the cre-miR1157
precursor ( Figure 4 and Figure S5 ), we conclude that the DCL3 cleavage must be separate from 1 2 mRNA splicing. the evolution and biological function of miRNA silencing in eukaryotes. organisms. The first of these is the absence of a PAZ domain ( Figure S3 ) as with Dicer from the 2 6
human parasite Toxoplasma gondii. This protozoan protein, together with the three DCLs from C. uncharacterized group II mutant loci are candidates for these accessory factors (Table S1 ).
7
The second non-plant feature of DCL3 is a proline-rich domain on the amino terminal side of the but, unlike C. reinhardtii DCL3, it does not have any specific Drosha feature.
4
The miRNA genes of C. reinhardtii, like the DCL3 protein, also have non-plant characteristics.
5
The most striking of these features is their overlap with protein coding genes ( Table 1 ). This is a 1 6 frequent feature of animal miRNAs whereas higher plant miRNAs are, with only few exceptions, abundance of the corresponding mRNA (Table S3) so, even when higher plants have some id-miRNAs, there are major differences from the 2 5
Chlamydomonas situation. A second non-plant feature associated with the miRNA-related mechanisms of C. reinhardtii is 1 with the UTR miRNAs. The mRNAs with miRNA structures in the UTR over-accumulated in the 2 dcl3 mutants indicating that they are targeted for degradation by DCL3 in wild type cells (Table S3) .
3
An equivalent mechanism occurs with the mammalian FSTL1 mRNA that is destabilized by Drosha 4 during hs-miR198 biogenesis (Sundaram et al. 2013) . Similarly the DGCR8 mRNA is destabilized by There are thirteen mRNAs in C. reinhardtii with miRNA in their UTRs (Table 1 ) of which eight 8 accumulate at higher level in dcl3 mutants (Table S3 ). In addition there are twenty-six mRNAs with 9 siRNA precursors in their UTRs (Table S3 ) and nine mRNAs with hairpin structures without 1 0 associated sRNAs that are up-regulated in dcl3 (Table S3) . It is likely, therefore that there are at least
forty-three mRNAs in C. reinhardtii that may be subject to direct cleavage by DCL3. Remarkably six has a dual role in mRNA regulation: it is firstly a ribonuclease that controls the levels of certain Finally, a third non-plant feature associated with C. reinhardtii miRNAs concerns the 1 9 complementarity requirement for miRNAs to produce an effective down-regulation of their targets. Animal and plant miRNA pathways are very different and it is likely that they evolved separately and we can envision either of two evolutionary scenarios to explain those differences. The first of 3 these is that animal, higher plant and algal miRNA pathways all evolved independently of each other.
4
A second scenario is that an animal-like miRNA pathway evolved early and persisted in lower plant 5 lineages including the green algae and C. reinhardtii, although it was not retained in higher plants.
6
Our data are consistent with the second scenario because C. reinhardtii and animal miRNA 7 pathways share the presence of a Drosha-like structure (absence of PAZ and presence of P-rich RNA coding sequences (Table 1 ). In addition, as mentioned above, the animal and C. reinhardtii At present there are insufficient data to resolve these two alternative scenarios although the further 1 4 characterisation of additional class I -IV mutants (Table S1 ) may shed more light on the evolutionary The role of sRNAs in C. reinhardtii
To explain the absence of physiological phenotype in our dcl3 mutants in normal laboratory 1 9
conditions as described here and in a description of another unrelated RNA silencing mutant of 2 0
Chlamydomonas (Voshall et al. 2015) we propose that DCL3 has a role at certain stages of the life availability of DCL3 mutants will now allow us to test these possibilities. We cannot, however, rule out the possibility that at least some of the C. reinhardtii sRNAs have a silencing-independent role or 1 that they are some form of junk RNA. log-phase cells were done by electroporation following a previously described method (Shimogawara kV/cm, 10 µF). After recovery, cells were plated on solid media in the presence of starch. DNA sequence of primers used in this study are listed in Table S4 . The nitrate-inducible amiRNA construct (ni-amiRNA) was generated from pMS539 (Schmollinger once integrated into the C. reinhardtii genome. The amiRNA that targets PSY (Cre02.g095092) mRNA was designed using the Web MicroRNA amiRNA-PSY.
The intron-derived cre-miR1157 precursor that lacks of the cre-miR1157 stem-loop was amplified amplification from pALM32 using the primers Spect+intron1157-For and RBSC2_3'UTR-Rev; and UAUGUACACAAUGCACUUCAG-3'), which targets the tryptophan synthase beta-subunit mRNA,
into the Spect/intron plasmid by following the procedure described above. Site-directed mutagenesis 2 2 of the splicing donor site in Spect/intron(mi) was carried out by two PCR steps, as previously Mut-For and SpeI-Rev. These two PCR products were then used as template for the second round PCR with primers HSP70-For and SpeI-Rev. The resulting PCR product was digested with AatII/SpeI Resource Center (University of Minnesota). ni-amiRNA cassette were grown on liquid TAP until mid-log-phase (this medium carries ammonium Scientific) according to the manufacturer's instruction. RNA isolation and small RNA detection by northern blot were carried out as previously described (amiRPSY-det, miR1151b-det, miR1157-det, miR1162-det, siRgypsy-det, miR_Cre07.g341100-det, 5 miR_Cre07.g344260-det, miR_Cre14.g623850-det and miR_Cre16.g670000-det in Table S4) The accumulation level of PSY mRNA was estimated by qRT-PCR from 5 µg of DNA-free RNA. control for normalization. The delta-delta Ct method was used to calculate the differences in mRNA 1 4
abundance.
5
RT-PCR was used to confirm splicing of the artificially generated, intron-derived, miRNA 1 6
precursor. To do that, RT reaction was carried out as described above, whereas a normal PCR 1 7
amplification step with primers Spect-For and Spect-Rev, which flank both sides of the intron, was 1 8 done using the RT reaction as template.
9
5′ RNA ligase-mediated RACE was done as described (Llave et al. 2002) while nested primers were used for the second round PCRs (PSY_nested-Rev, OMT2_nested-Rev,
CPLD52_nested-Rev). The final PCR fragments were gel purified using MinElute gel extraction kit sequencing to map exact miRNA cleavage sites. Illumina sRNA libraries were pre-processed using the ADDAPTS pipeline and tracking system transcripts, taking into account replicate data. Segments with a higher than 0.9 posterior probability of 2 0 being loci were used. Loci were subjected to differential expression analysis using baySeq 2.2.0 produced by high-throughput sequencing and estimates its parameters using empirical Bayes, with the model with the highest posterior probability is used. The library scaling factor (surrogates for library size) has to be specified for each sample, and they were calculated by using the previously described 
MiRNA prediction 1 2
The identification of miRNA precursors was performed by a multi-step process, which firstly uses 20-to-22nt, and/or precursors with less than 100 sRNA reads. Finally, the last automated step was 1 7
performed by removing those predicted miRNA precursors that did not overlap with those sRNA loci number of identified miRNA precursors at each stage of the multi-step process is shown in Table S6 .
2
Detailed information about predicted miRNA precursors (exact location in the genome, as well as
nucleotide sequences of the corresponding mature miRNAs and miRNAs*) is shown in Table S7 . shorter than 40nt were discarded and the remaining reads were subsequently aligned to rRNA, 4 ncRNA, cpDNA and mtDNA from C. reinhardtii using Bowtie 2 (Langmead and Salzberg 2012).
5
Positive matches were discarded. Finally the remaining reads were aligned with Bowtie 2 against the 6 C. reinhardtii transcriptome (Phytozome v5.5). The initial sequencing data for each library, as well as 7 the number of reads obtained after each filtering step, are indicated in Table S5 . Quantification of considered as differentially expressed. Small RNA-seq and RNA-seq datasets generated during this study have been submitted to E-MTAB-3851 and E-MTAB-3852, respectively. We thank James Barlow for technical assistance and media preparation, Michael Schroda and Stefan Abraham Research Professor. northern blot of diverse small RNAs in total RNA samples from the indicated mutants and controls. hygromycin resistant cassettes. The mutants were grouped (I-IV, Table S1 ) based on the molecular 2 2
phenotype. The two displayed mutants belonging to the group II corresponds to the characterized 2 3 mutant 47 (dcl3-2) and mutant 51 (dcl3-3). showed the same result. Paromomycin R cassette (equivalent to the cassette showed in Figure 1A ) to allow the primary (test for splicing events) or 5-Fl (test for amiRNA production). high confidence miRNAs (cre-miR1162, cre-miR1151a/b) or medium confidence miRNA (miR-C82)
(see Table 1 ), with the exception of cre-miR909 that is a hairpin-derived siRNA also depleted in the Cre16.g694950 (serine/threonine kinase) (A) and Cre24.g755697 (aminoglycoside 3'- derivative lines showed the same trend in both miRNA and mRNA accumulation (Table 1 and Table   2  3 S3). 
